The Gram-negative oral anaerobe Prevotella intermedia forms an iron(III) protoporphyrin IX pigment from haemoglobin. The bacterium expresses a 90 kDa cysteine protease, InpA (interpain A), a homologue of Streptococcus pyogenes streptopain (SpeB). The role of InpA in haemoglobin breakdown and haem release was investigated. At pH 7.5, InpA mediated oxidation of oxyhaemoglobin to hydroxymethaemoglobin [in which the haem iron is oxidized to the Fe(III) state and which carries OH − as the sixth co-ordinate ligand] by limited proteolysis of globin chains as indicated by SDS/PAGE and MALDI (matrix-assisted laserdesorption ionization)-TOF (time-of-flight) analysis. Prolonged incubation at pH 7.5 did not result in further haemoglobin protein breakdown, but in the formation of a haemoglobin haemichrome (where the haem Fe atom is co-ordinated by another amino acid ligand in addition to the proximal histidine residue) resistant to degradation by InpA. InpA-mediated haem release from hydroxymethaemoglobin-agarose was minimal compared with trypsin at pH 7.5. At pH 6.0, InpA increased oxidation at a rate greater than auto-oxidation, producing aquomethaemoglobin (with water as sixth co-ordinate ligand), and resulted in its complete breakdown and haem loss. Aquomethaemoglobin proteolysis and haem release was prevented by blocking haem dissociation by ligation with azide, whereas InpA proteolysis of haem-free globin was rapid, even at pH 7.5. Both oxidation of oxyhaemoglobin and breakdown of methaemoglobin by InpA were inhibited by the cysteine protease inhibitor E-64 [trans-epoxysuccinyl-L-leucylamido-(4-guanidino)butane]. In summary, we conclude that InpA may play a central role in haem acquisition by mediating oxyhaemoglobin oxidation, and by degrading aquomethaemoglobin in which haem-globin affinity is weakened under acidic conditions.
INTRODUCTION
The genera Prevotella and Porphyromonas belong to a group of Gram-negative black-pigmenting oral anaerobes which are associated with periodontal diseases in humans and other animals [1] . The black pigments, which develop upon prolonged incubation on blood-containing media, are composed of iron(III) protoporphyrin IX, Fe(III)PPIX, and are derived from the breakdown of haemoglobin. The haem pigment produced by Porphyromonas gingivalis is composed of Fe(III)PPIX in the μ-oxo bishaem or dimeric form, [Fe(III)PPIX] 2 O [2] , whereas that from both Prevotella intermedia and Prevotella nigrescens is in the form of monomeric haematin, Fe(III)PPIX·OH [3] . These pigments serve a defensive role as they make use of the intrinsic ferrihaem catalase activity to destroy H 2 O 2 [4] . In addition, the formation of the μ-oxo dimer by P. gingivalis from ferrous haemoglobin is a chemical mechanism which can tie up oxygen and thus promote anaerobiosis [2, 5] .
The mechanism of protease-mediated haem release from haemoglobin by P. gingivalis involves the concerted sequential action of both the arginine-and lysine-specific cysteine protease gingipains [5] [6] [7] . Haemoglobin breakdown has also been demonstrated for Prevotella species [8] [9] [10] , but the way in which haem is released from haemoglobin by these bacteria is unclear. Guan et al. [10] have shown that the culture supernatant of P. intermedia could degrade haemoglobin over a wide pH range, but with optimal activity at around pH 5. Whereas di-and tri-peptidyl peptidases and general thiol-dependent proteolytic activity have been partially characterized from P. intermedia and Prevotella nigrescens [11, 12] , little is known regarding the individual endopeptidases of these organisms. The only endopeptidase characterized from Prevotella spp. is InpA (interpain A) [13] , a cysteine protease which is an orthologue of streptopain of Streptococcus pyogenes (SpeB) and periodontain of P. gingivalis (PrtP) [14] . Several other InpA orthologue genes are apparently present in the genomes of the Bacteroidetes [15] . However, in strict contrast with SpeB, gingipains and many other bacterially derived cysteine proteases [16] , little is known about the role of interpain-like enzymes in bacterial pathogenicity and/or haem acquisition.
The gingipains of P. gingivalis have been shown to play an essential function in formation of haem pigmentation of P. gingivalis, where, at slightly alkaline pH, they work sequentially to first oxidize oxyhaemoglobin to methaemoglobin [where the haem iron is in the Fe(III) state and OH − is the sixth co-ordinate ligand], and, finally, to degrade this species to release Fe(III)PPIX, which becomes dimerized and incorporated into the pigment [6, 7, 17] . To elucidate the mechanism of haem acquisition by P. intermedia, we have examined the role of InpA in haemoglobin breakdown. In the present study, we demonstrate that, at pH 7.5, InpA mediates hydroxymethaemoglobin formation from oxyhaemoglobin and that, under acidic conditions, which may be generated as a result of their saccharolytic metabolism, the aquo-(or acid) form of methaemoglobin is rendered susceptible to InpA enzymic attack and haem release.
EXPERIMENTAL

InpA isolation and purification
InpA was expressed as a recombinant protein in Escherichia coli and purified by affinity chromatography on Fast Flow Ni-NTA (Ni 2+ -nitrilotriacetate)-Sepharose (Qiagen) followed by anionexchange chromatography (MonoQ, GE Healthcare) as described previously [13] . The amount of active enzyme in wild-type InpA preparations was determined by active-site titration using inhibitor E-64 [trans-epoxysuccinyl-L-leucylamido-(4-guanidino)butane] (Sigma). Briefly, recombinant protein was activated at 37
• C for 15 min in 0.1 M Tris/HCl and 5 mM EDTA (pH 7.5), freshly supplemented with 2 mM DTT (dithiothreitol) and then preincubated with increasing concentrations of E-64 for 30 min at room temperature (20 • C). Residual enzyme activity was determined by measurement of fluorescence (λ ex = 380 nm and λ em = 460 nm) of AMC (7-amino-4-methylcoumarin) released from Boc-Val-Leu-Lys-AMC (where Boc is t-butoxycarbonyl) (PeptaNova) added to the reaction mixture at 250 μM final concentration and using the microplate spectrofluorimeter SpectraMax Gemini EM (Molecular Devices). The concentration of active InpA was determined by active-site titration using an appropriate dilution of a standardized 1 mM aqueous solution of the inhibitor E-64 needed for total inactivation of the proteinase. Before use, InpA was pre-activated by incubation for 15 min in 0.1 M NaCl and 0.1 M Tris/HCl (pH 7.5), supplemented with 2 mM DTT. For use in haemoglobin degradation assays, this was replaced with the above buffer without DTT by ultrafiltration using 10 kDa cut-off Microcons (Amicon).
Haemoglobin preparations
Oxyhaemoglobin was prepared from fresh horse erythrocytes as described previously [5] and stored as a concentrated solution (approx. 1 mM) at −80
• C in 0.14 M NaCl and 0.1 M Tris/HCl (pH 7.5) until required. Stock preparations of methaemoglobin were prepared from the oxygenated protein by treatment with sodium nitrite as described previously [7] . Azidomethaemoglobin was formed from methaemoglobin by incubation with 0.4 mM sodium azide in 0.2 M phosphate buffer (pH 6.0) for 18 h at room temperature [7] . Bovine haemoglobin-agarose was obtained from Sigma Chemical Company. In assays to determine haem release from haemoglobin subunits, haemoglobin-agarose beads were first washed in 0.14 M NaCl buffered with 0.1 M Tris/HCl buffer (pH 7.5), to remove any unconjugated haemoglobin. The beads were then incubated with InpA and at various time periods, samples of these were removed, pelleted by centrifugation at 5000 g for 1 min and the supernatant solutions were carefully removed. Fe(III)PPIX released from the protein was assayed using the pyridine haemochromogen method as described by Gallagher and Elliot [18] , after first reducing the sample with 10 mM sodium dithionite, followed by the addition of 0.1 M pyridine.
Haem-free globin
Haem-free globin was prepared as described by Ascoli et al. [19] . Briefly, a 3% (w/v) solution of freshly prepared horse oxyhaemoglobin was added slowly to a 30-fold volume of vigorously stirred cold (−20
• C) acetone containing 5 mM HCl.
Precipitated globin was collected by low-speed centrifugation (5000 g for 10 min at 0 • C), treated again with ice-cold acid/acetone until no red colour remained, resuspended in a minimum volume of water, dialysed against sodium bicarbonate (0.1 g·l −1 ), and then against 0.01 M phosphate buffer (pH 7.2). The denatured globin precipitating during this step was removed by centrifugation at 10 000 g for 15 min at 5
• C, and the soluble globin fraction recovered by freeze-drying after dialysis against water at 4
• C.
SDS/PAGE and tetramethylbenzidine staining for haem-associated peroxidase SDS/PAGE was carried out as described previously [20] on 15 % polyacrylamide gels. For haem-associated peroxidase staining in the gels, samples were prepared in non-reducing sample buffer by incubation at 37
• C for 1 h. For some experiments, samples were solubilized by heating at 100
• C for 5 min as indicated.
Densitometry
Densitometry was carried out on Coomassie Blue-stained bands using UVIband gel analysis software (UVItech) after digital image capture using a UMax Powerlook 1000 flatbed transmission scanner.
Measurement of methaemoglobin formation
The change in the concentration of methaemoglobin formed as a result of oxyhaemoglobin oxidation was estimated by difference spectroscopy as a function of the change in area of the Soret band [21, 22] , and as a function of the Q band absorbances as described previously [17] . The rate of haemoglobin (HbO 2 ) oxidation was also followed quantitatively using plots of −ln([HbO 2 ] t /[HbO 2 ] 0 ) against time t, where the ratio of HbO 2 concentration after time t to that at time t = 0 was monitored by the absorbance changes of the α band (576 nm) of oxyhaemoglobin [23] .
MALDI (matrix-assisted laser-desorption ionization)-TOF (time-of-flight)-MS
Samples were analysed using a Micromass M@LDI mass spectrometer, using an α-cyano-4-hydroxy-cinnamic acid matrix (Sigma). The spectra were recorded in the positive-ion mode and the mass range scanned was 800-4000 Da. The spectrometer was calibrated using a mixture of authentic peptide samples. The peptide masses observed were compared with those predicted by theoretical cleavage using the PeptideMass program (ExPASy).
RESULTS AND DISCUSSION
For the arguments presented previously [7] , P. gingivalis and other black-pigmenting species inhabiting the gingival sulcus or periodontal pocket, may be exposed, from time-to-time, to oxygenated haemoglobin. However, the refractory nature of the oxyhaemoglobin molecule to proteolysis and haem release is overcome by P. gingivalis by first promoting its oxidation to methaemoglobin through the proteolytic action of R-gingipain [5] [6] [7] . In methaemoglobin, the affinity of globin for haem in which the iron is in the Fe(III) state is greatly relaxed, and the resultant haem-free protein is rendered susceptible to proteolysis by the lysine-specific gingipain [7] . K-gingipain can also attack hydroxymethaemoglobin produced non-proteolytically by treatment of haemoglobin with sodium nitrite [17] .
Formation of methaemoglobin by InpA
In the present study, incubation of horse oxyhaemoglobin at pH 7.5 over a 7 h period in the presence of InpA ( Figure 1a ) resulted in spectral changes indicative of oxidation to hydroxymethaemoglobin, i.e. increases in absorption at 500 and 630 nm, and decreases at 541 and 577 nm. These were accompanied by an increase in absorbance and blue-shift in λ max of the Soret band to approx. 407 nm. The same spectral changes were observed during incubation of oxyhaemoglobin in the absence of the protease (Figure 1b ). Isosbestic points were observed in both sets of spectra (at 348 and 472 nm). This indicated that only two absorbing species were present and showed that InpA had mediated the direct conversion of oxyhaemoglobin into the methaemoglobin form. When 10 mM Na 2 S 2 O 4 was added to the haemoglobin samples after 7 h of incubation, to chemically reduce the haem iron and to deplete O 2 in the buffer, both were converted into deoxyhaemoglobin (Soret λ max at 429 and Q band at 555 nm), confirming that methaemoglobin had originally been produced (results not shown). By subtracting the initial zero time spectrum from those at subsequent time periods shown in Figures 1(a) and 1(b) , a series of difference spectra were obtained with peak maxima at 402 nm and minima at 420 nm, with a zero cross-over point at 411 nm (Figures 1c and 1d) , which is also characteristic of methaemoglobin formation [21, 22] . Summation of the integrated peak areas between 348 and 411 nm, and trough areas between 411 and 472 nm, giving the total area change of the Soret band during the change from the oxy-to the met-state, allowed assessment of the extent of methaemoglobin formation [22] . This showed that InpA had mediated a 3-fold increase in oxidation rate compared with auto-oxidation (Figures 1e and 1f) . Incubation of oxyhaemoglobin with InpA in the presence of the specific cysteine protease inhibitor E-64 (0.5 mM) had the effect of reducing the oxidation rate by approx. 80 % (results not shown), thus demonstrating that the ability to mediate oxyhaemoglobin oxidation was a result of its enzyme activity.
MS analysis of haemoglobin breakdown during InpA-mediated oxidation
To gain some insight into which residues were attacked during InpA-mediated oxidation of oxyhaemoglobin at pH 7.5, the enzyme was incubated with oxyhaemoglobin at 37
• C, samples were removed periodically, and the protease was inactivated by incubation for 30 min with E-64 (as above) before being subjected to MALDI-TOF-MS analysis. Table 1 shows the major digestion fragments identified as arising from α-and β-globin chains during InpA-mediated oxidation of oxyhaemoglobin. These indicated cleavages at the C-terminal sides of lysine or arginine and alanine or phenylalanine are in keeping with the specificities for hydrolysis of chromogenic p-nitrolanilide-derivatized peptides and processing sites of N-and C-terminal profragments cleaved during the autoproteolytic maturation of prointerpain respectively (J. Potempa, K. Wawrzonek and A. Jaworska, unpublished work). Particularly noteworthy was the detection of peptides of masses 1356.92 and 2227.66, which indicate cleavage of residues around the distal region of the haem pocket of the α-and β-chains. Importantly, SDS/PAGE analysis of the haemoglobin samples incubated with InpA and solubilized by heating at 100
• C clearly showed a limited degree of protein breakdown (approx. 20 %) had occurred over the same time period (see Figure 3) , suggesting that, although the globin structure has been proteolytically cleaved, giving rise to oxidation, its gross structure had remained stable. Indeed, the complex structure of haemoglobin is maintained by numerous interactions between individual residues within the globin chain, and with the haem moiety, as well as interfacial interactions between the globin chains of haemoglobin tetramers and dimers. These interactions not only enable haemoglobin to alter shape in response to oxygen loading, but also may prevent complete unfolding of globin chains during incisions made by InpA. This would also explain why peptides are only released from the protein under the extreme conditions of denaturation during the MALDI process or boiling.
Longer-term incubation of InpA with oxyhaemoglobin at pH 7.5 produces a haemoglobin haemichrome Although short-term incubation of oxyhaemoglobin with InpA resulted in hydroxymethaemoglobin formation, interaction for periods of 24 h or greater resulted in a characteristic haemichrome spectrum [24] with Soret λ max 409 nm and a broad Q band at 535 nm (Figure 2) . The haemichrome nature of this product was confirmed by reduction to a haemochrome with sodium dithionite (424 nm Soret and 530 and 558 nm Q bands [24, 25] ) (Figure 2 , continuous lines). Although UV-visible spectroscopy appeared to show that there had been no detectable InpA-mediated breakdown of haemoglobin over the initial 6 h, SDS/PAGE (where samples had been solubilized by heating at 100
• C) and densitometry showed that approx. 20 % of the globin chains were degraded after 6 h of incubation ( Figure 3) . It is noteworthy that, like the arginine-specific gingipains HRgpA [17] and RgpB (J.W. Smalley, A.J. Birss and J. Potempa, unpublished work), InpA also promoted haemoglobin oxidation at pH 7.5. This is a pH at which the natural oxidation rate of oxyhaemoglobin is lowest [26] . However, the hydroxymethaemoglobin product formed by InpA at this pH was refractory to further breakdown by InpA, and further incubation resulted in conversion into a haemichrome. This is puzzling given the numerous lysine and arginine residues present in α-and β-globin chains, the broad pH optima of InpA proteolytic activity in the pH range 5.5-8.0 and the preference of InpA for arginine, lysine, alanine and phenylalanine residues at the C-terminal side of hydrolysed peptide bonds (J. Potempa, K. Wawrzonek and A. Jaworska, unpublished work). The haemichrome produced after 24 h of incubation (broken line) gave rise to a haemochrome spectrum upon addition of 10 mM Na 2 S 2 O 4 (continuous line). Incubation conditions and enzyme and haemoglobin concentrations were as for Figure 1 . Inset shows the Q band region.
Figure 3 SDS/PAGE of oxyhaemoglobin during incubation with InpA
Incubation conditions and enzyme and substrate conditions were as described in Figure 1 
Relative susceptibilities of methaemoglobin and aquomethaemoglobin to degradation by InpA
Prevotella species display acidic terminal growth pHs [27] [28] [29] . Both binding to the outer membrane and degradation of haemoglobin mediated by enzymes in the growth supernatant of P. intermedia is enhanced at acid pHs [10, 30] . In addition, pigment production during growth on blood agar is associated with a fall in pH to approx. 5.8 [3] . Accordingly, we investigated the pH-dependency of oxyhaemoglobin oxidation and breakdown by InpA. To measure the rate of haemoglobin oxidation while obviating any complication relating to changes in Soret band area due to degradation and loss of haem from the protein, the rate of haemoglobin oxidation was quantified by following the change in A 576 over time [23] . This gave linear plots of the initial oxidation rate over the 6 h incubation period (Figure 4) , which clearly demonstrated that InpA increased oxidation above that of the auto-oxidation rate at each pH examined. In this context, it is noteworthy that, whereas InpA increased the oxidation rate at pH 7.5 (a pH at which the auto-oxidation rate of both the α-and β-haemoglobin chains is naturally lowest [26] ), it was also able to increase the oxidation rate above the auto-oxidation rate at the acid pHs, conditions where the natural oxidation rate of oxyhaemoglobin is high [26] . This is relevant to the biology of the sub-gingival environment, since Prevotella species produce a potent haemolysin [31] [32] [33] , and any haemoglobin released through the haemolysis of extravasated erythrocytes will be readily oxidized in the absence of intra-erythrocytic reductants and the enzyme methaemoglobin reductase.
We have shown previously that, whereas oxyhaemoglobin is not degraded by the lysine-specific gingipain, it is susceptible to breakdown by this protease when converted into the hydroxymethaemoglobin form, either through oxidation mediated by sodium nitrite or via pre-treatment with the arginine-specific gingipain HRgpA [7, 17] . To test whether hydroxy-and aquomethaemoglobin species were susceptible to breakdown by InpA, oxyhaemoglobin was first auto-oxidized by incubation for 24 h at 37
• C at pH 7.5, 6.0 or 5.5. Under these conditions, approx. 95 % of the oxyhaemoglobin was converted into the Hydroxymethaemoglobin, pH 7.5 (gels a), aquomethaemoglobin, pH 6.0 (gels b) and pH 5.5 (gels c), azidomethaemoglobin, pH 6.0 (gels d), haem-free globin, pH 7.5 (gel e). Haemoglobin substrates at 4 μM (with respect to tetramer) were incubated with InpA (2 μM) at 37 • C and aliquots withdrawn at the time points indicated were subjected to SDS/PAGE analysis. The hydroxymethaemoglobin and aquomethaemoglobin species were formed by auto-oxidation of oxyhaemoglobin at 37 • C for 24 h at pH 7.5, 6.0 or 5.5, and constituted 95 % of the total haemoglobin present. (A) Gels stained with Coomassie Blue. (B) Gels stained with TMB for haem-associated peroxidise activity. Azidomethaemoglobin was prepared by incubating aquomethaemoglobin in the presence of 400 μM NaN 3 . To aid comparison of the time-dependent breakdown and haem release from the haemoglobin species (gels b-e) with that of hydroxymethaemoglobin (gels a), tracks of the 2 and 4 h time samples were excised from the images of these gels. The points of excision are displayed by vertical lines.
hydroxy-and aquo-methaemoglobin forms. The methaemoglobin preparations (4 μM as tetramer) were then exposed at 37
• C to InpA (2 μM) and sampled periodically for SDS/PAGE. Gels were first stained with TMB (3,3 ,5,5 -tetramethylbenzidine)/H 2 O 2 to reveal haemoglobin-associated haem peroxidase activity, and then counterstained for protein with Coomassie Blue (Figure 5 ). Densitometry revealed that during incubation with InpA at pH 7.5, the globin chains were still intact ( Figure 5A, gel a) . Moreover, TMB staining ( Figure 5B, gel a) showed that little or no haem had been lost from hydroxymethaemoglobin. In contrast, however, the aquomethaemoglobin preparations were degraded to a much greater degree, especially at pH 5.5 ( Figure 5A , gels b and c), and proteolysis of the haemoglobin chains was also accompanied by a greater haem loss as shown by the reduced level of TMB staining ( Figure 5B, gels b and c) . The susceptibility of aquomethaemoglobin and hydroxymethaemoglobin to InpA was also examined spectroscopically. These substrates (∼ 4 μM on a tetramer basis) were prepared by oxidation of oxyhaemoglobin with sodium nitrite in either pH 5.5 or 7.5 buffers, to give the aquo-or hydroxy-methaemoglobin forms respectively, and were then exposed to 2 μM InpA. As can be seen in Figure 6 , InpA effected an almost complete breakdown of aquomethaemoglobin ( Figure 6a ) compared with the hydroxymethaemoglobin form (Figure 6b ) over 7 h as is evident by the collapse of the Soret band. In addition, spectrophotometric analysis also confirmed that azidomethaemoglobin, in which the haem was stabilized by N 3 − ligation, was degraded minimally by InpA (Figure 6c ). However, trypsin (2 μM) brought about complete breakdown of the hydroxymethaemoglobin, even at pH 7.5 (Figure 7) . The trypsin-mediated breakdown of the hydroxymethaemoglobin protein chains was also reflected in the loss of Soret band intensity (Figure 7) . The reduced ability of InpA to degrade hydroxymethaemoglobin and to release haem The gel was stained with Coomassie Blue. Haemoglobin was at 4 μM and trypsin at 2 μM. Incubation was carried out at 37 • C in 0.1 M Tris/HCl and 0.14 M NaCl (pH 7.5).
at pH 7.5 was confirmed in a separate experiment in which hydroxymethaemoglobin-agarose was incubated with InpA or trypsin. Haem released from the immobilized haemoglobin was detected as the pyridine haemochromogen after reduction with sodium dithionite, followed by reaction with pyridine. This showed that InpA was only able to release approx. 20 % of the total haemoglobin haem liberated by trypsin over a period of 7 h (Figure 8 ). Significantly, this observation also correlates perfectly with the 20 % degradation of oxyhaemoglobin by InpA over the same time period (Figure 3 ).
Azide ligation prevents InpA breakdown of aquomethaemoglobin at pH 6.0
Aquomethaemoglobin was efficiently degraded by InpA. However, when the haem iron of aquomethaemoglobin was ligated with azide, the protein was resistant to breakdown by InpA at pH 6.0. Neither globin chain proteolysis nor haem loss was observed ( Figures 5A and 5B, gel d) . In stark contrast, haemfree globin (at the same concentration as the methaemoglobin substrates) was completely degraded within a few minutes by InpA, even at pH 7.5 ( Figure 5A , gel e). Suspensions of methaemoglobin-agarose beads (4 μM with respect to haemoglobin tetramer) were incubated at 37 • C with trypsin or InpA (2 μM) in 0.1 M Tris/HCl and 0.14 M NaCl (pH 7.5). Beads were pelleted by centrifugation and the supernatant buffer was assayed at intervals for released free haem using the pyridine haemochrome assay.
The difference in susceptibility of the aquomethaemoglobin compared with the hydroxymethaemoglobin substrate is, at first sight, puzzling, as these two forms are structurally indistinguishable. Although InpA displays a broad pH activity profile centred on pH 8 compared with the synthetic chromogenic peptide substrates bearing P1 lysine or arginine residues, it also has an acidic pH optimum (∼ pH 6) towards protein substrates azocoll, azoalbumin and azocasein (J. Potempa, K. Wawrzonek and A. Jaworska, unpublished work), which would explain the efficient proteolysis at acidic pH. However, if haemoglobin breakdown was simply related to a pH effect on the enzyme, then the extent of proteolysis of azide-liganded aquomethaemoglobin would be commensurate with that observed for the non-azide bound substrate at pH 6, but this was not the case. The mass spectrometric detection of peptide fragments arising from both α-and β-globin chains during incubation of oxyhaemoglobin with InpA demonstrates that proteolytic attack occurs during oxidation. The reason that gross breakdown of either oxyhaemoglobin or hydroxymethaemoglobin does not occur is that proteolytic modification resulting in oxidation at pH 7.5, brought about the production of a stable haemichrome, largely resistant to further breakdown by the enzyme. Rather, the underlying reason for proteolysis of aquomethaemoglobin by InpA resides in the fact that haem dissociation is greatly increased when haemoglobin is in the aquomethaemoglobin compared with the hydroxymethaemoglobin form, which in turn facilitates the proteolysis of the newly formed haem-free globin.
Mechanism of InpA-mediated oxidation
As a functional oxygen carrier, the oxyhaemoglobin haem iron exists in the ferrous (Fe 2+ ) form. However, the ferrous iron can spontaneously oxidize (auto-oxidation) into the ferric state (methaemoglobin) with the production of superoxide anion, O 2 − [23, 24] , and in this form is incapable of binding oxygen. Because O 2 is a poor one-electron acceptor, the Fe-O 2 bond is relatively stable, which poses a considerable thermodynamic barrier for electron transfer. For this reason, auto-oxidation via spontaneous superoxide dissociation is considered unlikely [34] . Rather, the accepted mechanism is the entry of OH − or water molecules into the haem pocket from the solvent, to effect a stoichiometric nucleophilic displacement of O 2 − [23, 26] . These nucleophiles remain bound to the iron at the sixth co-ordinate position, forming either aquomethaemoglobin (or acid form), for bound water, or hydroxymethaemoglobin, for bound OH − . The formation of these species is indicative of the oxidation process. During InpA-mediated oxyhaemoglobin oxidation, we detected several peptides by MS, indicative of scission at sites around the haem pocket. Such cleavage events, although not leading to extensive proteolysis, may instead lead to structural changes which facilitate the displacement of O 2 − as is evident by formation of the hydroxyand aquo-methaemoglobin species at pH 7.5 and 6.0 respectively, and in keeping with the accepted paradigm for the oxidation process [23, 34, 35] .
Even minor structural changes to the haem pocket of haemoglobin disturb its function. For example, a F46V mutation in myoglobin markedly increases the rate of oxidation by facilitating access of water molecules [36] . This is because Phe 46 stabilizes the distal His 64 , and removal of this contact through mutation to valine opens the distal pocket. In this context, it is noteworthy that a prominent peptide of molecular mass 1356.92 (β-chain, F 45 ↓G 46 DLSNPGAVMGNPK 59 ) was observed early in the time course of haemoglobin digestion by InpA, and is evidence that InpA disrupts the distal region of the haem pocket. Given that Phe 45 of the β-chain shares a similar orientation to the distal histidine as Phe 46 of myoglobin, and the structural similarities between these proteins, it is possible to speculate that this residue plays a similar role in dictating the degree of auto-oxidation, and that cleavage by InpA at this site may account for the increased oxidation rate of oxyhaemoglobin. It is also noteworthy that the abnormal M haemoglobins (mutant haemoglobins which have a propensity to become easily auto-oxidized to the methaemoglobin form) have amino acid substitutions in or near the haem pocket [37] .
The possibility that oxidation was a result of the presence of contaminant metal ions which are well known to bring about oxidation was also tested by conducting incubations of InpA with oxyhaemoglobin in the presence of EDTA (10 μM). Under these conditions, the rates of methaemoglobin formation brought about by InpA (determined by plots of A 576 as above) measured over a 5 h period were the same in both the presence and absence of EDTA (results not shown). It was concluded from this that the InpA-mediated oxidation was unrelated to the presence of metal ions.
Although oxidation of oxyhaemoglobin weakens the haem ironproximal histidine bond, permitting haem dissociation [38, 39] , breakdown of haemoglobin by InpA at acidic pH may also be aided, in addition to the proton-assisted oxidation [26] , by the low pH which enhances haem mobility and dissociation from the protein, especially from the β-chain [39] . We have shown that P. intermedia and P. nigrescens engender a low pericellular pH during pigment formation [3] . This would promote dissociation of haemoglobin tetramers into αβ dimers and enhance haem loss from the latter [40] . It should also be noted that αβ dimers autooxidize more rapidly than tetramers [41] .
The present paper is the first to describe a specific role of a P. intermedia protease in both haemoglobin oxidation and breakdown and subsequent haem release. InpA may thus play a major role in pigment formation by this black-pigmenting organism. Together with our previous work [7, 17] , these findings have revealed a new paradigm for haem acquisition from haemoglobin by black-pigmenting species, which is dependent upon initial haemoglobin oxidation which facilitates haem dissociation and globin breakdown.
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